1. Introduction {#s0005}
===============

There is an ancient, highly evolved, mutualism between fungus-growing ants (Hymenoptera: Formicidae: Attini) and their fungi (Agaricales) ([@b0025], [@b0155], [@b0165]).

The ability to cultivate fungi occurs just in a few groups of ants, and all these ants belong to the Attini tribe which is composed of 12 genera and approximately 210 species ([@b0120]). Most of these genera of ants use dead matter to cultivate their fungal symbiont except the leaf-cutting ants. The latter ants use fresh plant materials for manuring their gardens and belong to the *Atta* and *Acromyrmex* genera ([@b0025]).

*Atta* and *Acromyrmex* genera of ants are the most serious agricultural pest of tropical and subtropical America, causing enormous economic damage to the neotropic agricultural industry ([@b0170]). The possibility of controlling leaf-cutting ants with biological methods has generated great interest in diverse studies involving the fungi cultivated by ants.

Ants of the Attini tribe live in obligate symbiosis with a basidiomycete fungus of the Agaricaceae family which is the essential food source for the larvae and queen ([@b0025], [@b0040], [@b0060], [@b0075]). On the other hand, the ants provide the fungal symbiont with a variety of substrates and also stimulate the fungal growth ([@b0025], [@b0065], [@b0095]).

The Agaricales order is one of the most diverse and largest orders of the Basidiomycota Phylum ([@b0070]). The family Agaricaceae is a widely distributed group of saprotrophic fungi and many taxa exist in this family which makes the taxonomical identification quite complex ([@b0070], [@b0080], [@b0140], [@b0145]). To date, according to [@b0055], this family comprises 85 genera and 1340 species.

Several authors reported the fungal symbiont of the fungus growing ants as *Leucoagaricus gongylophorus* species ([@b0040], [@b0075], [@b0125]). According to the literature *Leucoagaricus* species belong to the family Agaricaceae and *Leucoagaricus* genus has approximately 75 species ([@b0100]).

An understanding of mutualism between the fungal symbiont and the Attini ants is greatly hindered by the lack of information regarding the taxonomic placement and evolutionary history of the fungal cultivars ([@b0025]). The taxonomy and hence the diversity of the symbiotic fungi of ants have not yet been completely elucidated ([@b0125]).

The traditional methods for fungal taxonomy and systematics depend on the morphology of the fruiting body. [@b0035] described some macromycetes belonging to the *Leucoagaricus* genus in the region. Since the fungi cultivated by Attini ants do not actually produce these sexual structures in association with the ants or in pure culture, their identification becomes quite complex ([@b0040], [@b0050], [@b0065], [@b0095]).

Other methods for fungal taxonomy and systematics use molecular markers. Nowadays, the systematic relationships of fungi have been greatly assisted by new evidence from molecular systematics, mostly using ribosomal DNA sequence data ([@b0115], [@b0160]).

[@b0085] conducted a molecular phylogenetic study of Euagarics with nuclear large ribosomal subunit gene sequences (nLSU) and although they demonstrated the existence of several clades composed of members of diverse traditional groups, they placed most *Leucoagaricus* species and fungal symbionts of leaf-cutting ants in one single clade.

In some studies, genetic markers such as ribosomal gene (rDNA), internal transcribed spacer (ITS), and part of elongation factor 1-α gene (EF 1-α), have been used for the molecular characterization and phylogenetic studies of fungal symbionts of ants ([@b0020], [@b0065], [@b0100], [@b0125]).

In Argentina there is only one initial molecular study of the *Leucoagaricus* fungus ([@b0065]). These authors isolated and identified both, morphologically and genetically the fungi cultured by two populations of *Acromyrmex lobicornis* from the center of Argentina. But studies on morphological and molecular characterization of leaf-cutting ant symbionts isolated from other regions of Argentina still remain to be done. Therefore, the contribution of species inhabiting in Misiones (located in the North of Argentina) will allow further understanding on new populations.

Currently there are several hypotheses about the phylogenetic origin of fungi associated with Attini ants. Accordingly, nowadays phylogenetic relationship studies about ant's fungal symbiont are under extensive discussion ([@b0010], [@b0020], [@b0125]).

The objectives of our study were: (1) to determine the taxonomic identity of one *Acromyrmex pubescens* fungal symbiont strain using morphological and molecular characterization; and (2) to study the phylogenetic relationships among the fungal symbiont strain and related species from the *Leucoagaricus* genus.

2. Materials and methods {#s0010}
========================

2.1. Fungal isolate and culture conditions {#s0015}
------------------------------------------

Portions of fungal garden were collected from nineteen nests of *Acromyrmex* ants from Misiones province, in the North of Argentina. Dextrose Potato Agar and Malt Extract Agar LP Media were used for the isolation of the mycelial form of the fungus ([@b0075]) (Collection date: September 2014. Collectors/isolators: Castrillo and Bich). The fungal garden portions were subcultured periodically until pure isolates were attained. The fungus garden material was incubated in the dark at 28 °C and 80% humidity for at least 20 days. The isolate was deposited in culture collection of the Universidad Nacional de Misiones with accession number LBM 190.

2.2. Morphological identification of *Leucoagaricus* isolates {#s0020}
-------------------------------------------------------------

After a 5--10-day period, the macroscopic characteristics of each fungal colony developed from the fungus garden material were described through the observation of the following parameters: growth rate, aspect and colonial color upside and reverse.

Microscopic features like presence/absence of septum, mycelia size, basidia or other structures, etc. were observed for morphological identification. *Leucoagaricus* genus typically presents a special mycelial structure called gongylidia and the absence of fibula ([@b0025], [@b0075]).

2.3. DNA extraction {#s0025}
-------------------

Approximately 200 mg mycelium was placed in a 1.5-mL microcentrifuge tube. The mycelium was disrupted with a glass pestle that fitted inside the tube with DNA extraction Buffer (Tris EDTA buffer pH 8, containing 1.5 M sodium chloride, Proteinase K 0.1 mg/mL, β-mercaptoethanol 10 mM and SDS 2% (w/v). The nucleic acids were purified using a chloroform:isoamyl alcohol mixture (24:1, v/v). Then nucleic acids were precipitated with ethanol and potassium acetate, washed with ethanol, air-dried, and finally dissolved in DNAse-free water ([@b0045]).

2.4. Amplification of ribosomal DNA and internal transcribed spacer regions {#s0030}
---------------------------------------------------------------------------

For the molecular identification and phylogeny analysis the ITS1-5.8S-ITS2 region was evaluated. PCR amplifications were carried out in a 20-μL reaction mixture which included 1× PCR Buffer, 2.5 mM MgCl~2~, 200 μM of dNTP mix, 10 pmol of each of the amplification primers, 0.5 U of Taq polymerase (InBio), and 5--20 ng genomic DNA ([@b0045]). The primers used were the ITS1 F-(5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 R-(5′-TCCTCCGCTTATTGATATGC-3′) ([@b0160]). The amplification protocol consisted of an initial denaturation at 94 °C for 4 min, followed by 35 PCR amplification cycles of 94 °C for 40 s, 53 °C for 40 s and 72 °C for 40 s. A final extension step of 72 °C for 10 min was included. The amplified fragment was stained and evaluated in agarose gel electrophoresis. Both strands of PCR products were sequenced by Macrogen Korea for further phylogenetic studies.

2.5. Sequence analysis {#s0035}
----------------------

The ITS1-5.8S-ITS2 sequence generated in this study was deposited in GenBank under accession number KJ784481. The ITS sequence of the fungal strain was compared with sequences in GenBank and Fungal Barcoding data bank sites.

Also, approximately 70 accessions of the ITS1-5.8S-ITS2 sequences were selected and retrieved from the GenBank data base (National Center for Biotechnology Information) representing most species within the *Leucoagaricus* genus with available molecular data. Nucleotide sequences retrieved in this study consist of about 600 bp which correspond to the ITS1-5.8S-ITS2 regions. Sequences of *L. gongylophorus* from leaf-cutting ants (*Atta* and *Acromyrmex*) and from fungus-growing ants, other than leaf-cutting ants, also were retrieved from GenBank for the study. In addition, sequences from free living forms of *Leucoagaricus* were retrieved. A sequence from the Ascomycota *Beauveria bassiana* was used to root the *Leucoagaricus* phylogenetic tree. The DNA sequences were aligned using the Clustal W program ([@b0135]). The phylogenetic methods were based on one distance-based method (Neighbor Joining -- NJ) and one cladistic method (Maximum Parsimony -- MP). For the phylogenetic tree evaluation the Bootstrap analyses were conducted based on 1000 replicates. The MEGA 6.0 ([@b0130]) package was used for the analyses. Phylogenetic data have been submitted to TreeBase with submission number S17841 (<http://purl.org/phylo/treebase/phylows/study/TB2:S17841>).

3. Results {#s0040}
==========

To isolate the symbiotic fungi of leaf-cutting ants from the North of Argentina, nineteen nests of *Acromyrmex* ants were sampled from the province of Misiones. After incubating different portions of the fungal garden from the nests, fungal colonies were observed to develop.

From all the colonies observed it was possible to isolate just one strain of *Leucoagaricus* free of contaminants from one *A. pubescens* nest. This fungal isolate was preserved in culture collection of the Universidad Nacional de Misiones under the accession number LBM 190 for further studies.

White to cream-colored colonies with slow growth were subcultured for the isolation of the symbiotic fungi, followed by the microscopic identification of the putative *Leucoagaricus* colonies ([Fig. 1](#f0005){ref-type="fig"}).

At the optical microscope these fungal colonies presented hyaline hyphae without fibula. The hyphae also presented swollen tips (40 μm × 30 μm). The observation by optical microscopy of gongylidia on mycelia fragments together with macroscopic colonial characters supported the morphological identification of the mutualistic fungus as *Leucoagaricus* sp. ([Fig. 2](#f0010){ref-type="fig"}).

From the latter fungal isolate it was possible to obtain good quality DNA that is used for the amplification and sequencing to confirm the identification of the *Leucoagaricus* isolate. The DNA amplification produced a fragment of approximately 600 bp comprising the ITS1 region, the 5.8S gene and the ITS2 region.

This ITS1-5.8S-ITS2 sequence with other selected sequences from GenBank were aligned and used to construct the phylogenetic tree of *Leucoagaricus*. The ITS1-5.8S-ITS2 sequence generated in this study was deposited in GenBank under the accession number KJ784481.

The sequences were analyzed separately by Neighbor Joining (NJ) and Maximum Parsimony (MP) analyses, and the resulting trees were compared ([Fig. 3](#f0015){ref-type="fig"}). No divergences were detected between phylogenies, thus indicating that the datasets could be combined. Both NJ and MP analyses were useful for discriminating *Leucoagaricus* isolates at the species level.

Analysis of the ITS1-5.8S-ITS2 sequences of different *Leucoagaricus* placed fungal species in three different clades. All *L. gongylophorus* strains from leaf-cutting ants were located in a monophyletic group (bootstrap support of 100%). The sequence of our fungal isolate was included in CLADE 1.

The CLADE 1 of *L. gongylophorus* strains from leaf-cutting ants was more closely related to free living forms of *Leucoagaricus* strains (CLADE 2) than to the CLADE 3 of *L. gongylophorus* from other fungus-growing ants (non *Atta* or *Acromyrmex* ants).

The phylogenetic analyses confirmed the taxonomic identity of the *Leucoagaricus* isolate from *A. pubescens* nest from the North of Argentina as *L. gongylophorus*. The isolate obtained in this study is phylogenetically indistinguishable from *L. gongylophorus* isolated from other genera of leaf-cutting ants belonging to the genera *Atta* and *Acromyrmex*, at least using this particular molecular marker.

Also according with this molecular marker, all isolates of *L. gongylophorus* from leaf-cutting ants had little genetic distance among them, but were clearly distinguished from other strains of *L. gongylophorus* grown by lower fungus-growing ants (CLADE 3). Moreover, isolates of *L. gongylophorus* from leaf-cutting ants were genetically distinguished from other species of free living forms of *Leucoagaricus*.

4. Discussion {#s0045}
=============

Gongylidia are typical structures of the symbiotic fungi of higher attine ants ([@b0020], [@b0125]). These structures were recognized in the isolated fungus in our study. [@b0075], [@b0065] completed the morphologic identification of the symbiont fungus of *Atta* and *Acromyrmex* leaf-cutting ants using macro- and microscopic characters. In our study, the morphologic identification of the fungus symbiont isolate from one *A. pubescens* nest was consistent with current taxonomic identification of *L. gongylophorus*.

Molecular methods represent a more sensitive and rapid strategy than morphological techniques to identify species, also molecular identification strategies eliminate diverse technical limitations ([@b0015]). Molecular methods do not replace morphological characterization, conversely they complement morphological methods. ITS region is typically useful for molecular systematics of species ([@b0005], [@b0110], [@b0115]), because ITS sequences can accumulate mutations at a faster rate than the 5.8S, 18S, and 28S rRNA genes.

The phylogeny of *Leucoagaricus* genus was reconstructed by employing the ITS sequence from our isolate and from data of the GenBank. The phylogeny is depicted in [Fig. 3](#f0015){ref-type="fig"}.

With respect to their taxonomic and systematic location, the genus *Leucoagaricus* is controversial; [@b0065] analyzed the phylogeny of *L. gongylophorus* with ITS sequences from diverse species of *Atta* and *Acromyrmex* and demonstrated that the fungus grown in ant nests is a unique species. The latter findings also support the results found in our study.

[@b0105] made a Phylogenetic analysis of the ITS region where the tree showed two distinct groups (branches in tree) regarding the symbiont fungus isolates from *Acromyrmex heyeri* and *Acromyrmex ambiguous* evidencing differences in the strain. So in that study the authors proposed that each of the latter leaf-cutting ant species cultivate the same *L. gongylophorus* species but their own strain. Those findings were in contrast with a part of our results, because our Phylogenetic tree using more taxa (*L. gongylophorus* from more leaf-cutting ants and from more regions) made a unique clade.

Otherwise, based on phylogenetic evidence the strains of *L. gongylophorus* that occur in the phylogenetically basal genera of ants (i.e. *Trachymyrmex* and *Sericomyrmex*) formed a distinct clade from those that occur in the phylogenetically derived leaf-cutting ants (i.e. *Acromyrmex* and *Atta*). This clade could be explained by the hypothesis that those strains of *L. gongylophorus* were recently domesticated from free-living populations of Agaricaceae ([@b0090]). [@b0150] also found that fungi of lower attine ants have close free-living relatives.

[@b0020] worked with the phylogeny of the nuclear 28S ribosomal DNA of the fungal symbiont and found a similar phylogenetic tree, with a clade of fungi from derived higher attine ants and another from phylogenetically basal ants.

All strains of *L. gongylophorus* from *Atta* and *Acromyrmex* from diverse regions of South America were grouped together with low genetic variability. Interestingly the phylogenetic tree couldn't separate *L. gongylophorus* strains from *Atta* from those *L. gongylophorus* strains isolated from *Acromyrmex.* The fact that strains of *L. gongylophorus* of the higher Attini ants made a sole clade could indicate the conservation of the phylogenetic relationship of these strains of fungal symbiont. Generally it had been proposed that these fungal strains are clonally propagated by their ant hosts ([@b0020]). One noteworthy example of the evolutionary cost to cultivar clonality is a slower evolutionary response to parasites ([@b0030]).

In the phylogeny depicted in [Fig. 3](#f0015){ref-type="fig"}, the free-living *Leucoagaricus* species (non-cultivated) formed a single clade isolated from the strains cultivated by ants. In this study the observed clades are only composed of either cultivated symbiont (CLADE 1 and 3) or saprophytic taxa (CLADE 2).

The existence of these three defined clades, composed of either cultivated symbiont or saprophytic strains, may indicate that these two ecological habitats are well established in fungi. [@b0085], in their study on Euagarics, reported that the association between fungi of Agaricaceae family and insects had been developed phylogenetically in an independent way several times. These authors proposed that these associations appear to be evolutionarily stable because the lack of observed reversal to a free-living habit of fungi.

From these results it can be concluded that the fungus isolated from the *A. pubescens* nest belongs to the *L. gongylophorus* species based on macroscopic, microscopic and molecular data.

Also, from the phylogeny analysis, using the ITS molecular marker, a total of three *Leucoagaricus* monophyletic groups (clades) could be recognized. The clades corresponded to traditional taxonomic groups, and these clades were also supported by ecological habits of the strains. *L. gongylophorus* sequences of the phylogenetically basal genera of ants (i.e. *Trachymyrmex* and *Sericomyrmex*) were grouped in a distinct clade from those sequences from the phylogenetically derived leaf-cutting ants (*Acromyrmex* and *Atta*). Also *L. gongylophorus* species of the leaf-cutting ants were phylogenetically conserved. The free living forms of *Leucoagaricus* (non-cultivated) made a sole clade, isolated from the strains cultivated by ants. This is the first study of the isolation, identification and phylogeny of *L. gongylophorus* species of *Acromyrmex* in the North of Argentina.
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![*Leucoagaricus gongylophorus* from *Acromyrmex pubescens* nest. Macroscopic view of the colony growth in Petri dish. (Bar = 1.5 cm).](gr1){#f0005}

![Microscopic mycelia detail from mutualistic fungi. Enlarged apical structures correspond to gongylidia (arrows). (Bar = 40 μm).](gr2){#f0010}

![Phylogenetic tree from Neighbor Joining analyses showing the phylogenetic relationships in the *Leucoagaricus* genus. Neighbor Joining tree was performed using the ITS1-5.8S-ITS2 sequences. Sequence of our *Leucoagaricus gongylophorus* strain is indicated in bold letters. Numbers on branches correspond to bootstrap values obtained with 1000 replicates. GenBank accession numbers of the sequences used in this study are indicated after each *Leucoagaricus* name.](gr3){#f0015}
